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Using density functional theory, we investigate the possible adsorption sites of CO molecules on the
recently discovered Pt induced Ge nanowires on Ge(001). Calculated scanning tunneling microscope
(STM) images are compared to experimental STM images to identify the experimentally observed
adsorption sites. The CO molecules are found to adsorb preferably onto the Pt atoms between the
Ge nanowire dimer segments. This adsorption site places the CO molecule in between two nanowire
dimers, pushing them outward, blocking the nearest equivalent adsorption sites. This explains the
observed long-range repulsive interaction between CO molecules on these Pt induced nanowires.
PACS numbers: 73.30.+y, 73.61.-Ph, 68.43.-h
I. INTRODUCTION
In the last several decades, CO adsorption on Pt sur-
faces has been studied extensively both experimentally
and theoretically. This large interest is partly due to the
deceiving simplicity of the system and its industrial im-
portance in catalytic processes, such as CO oxidation and
Fischer-Tropsch synthesis.1,2
However, a simple system such as CO adsorbed on the
Pt(111)-surface, has and still does cause quite some con-
troversy. Three decades ago, adsorption site preference
and measured adsorption energies were the subject of dis-
cussion among experimental researchers. These problems
have meanwhile been resolved and experimental results
have converged to a coherent and detailed picture of this
system.3–7 On the theorists side however, a discussion has
emerged during the last decade regarding the unexpected
failure of prevalent density functional theory (DFT) ap-
proximations to properly predict the CO/Pt(111) site
preference. From experiment it is found that the ontop
site is most stable in the low density regime, while local
density approximation (LDA) and generalized gradient
approximation (GGA) calculations show a preference for
the threefold coordinated hollow adsorption site. The
cause of this CO/Pt(111) puzzle seems to originate from
the tendency of LDA and GGA to favor higher coordina-
tion and the flatness of the potential surface describing
adsorption of CO on the Pt(111) surface.8 This has lead
to a search for better or alternative functionals in recent
years.9,10
Although the incorrect site prediction is a problem
for DFT, this does not mean that the obtained geome-
tries and derived physical properties are incorrect.11 Even
more, the calculated STM images derived from the ge-
ometries show excellent qualitative agreement with the
experiment.12,13
With the recent discovery of Pt induced nanowire
(NW) arrays on Ge(001), a new Pt based adsorption
surface becomes available.14 Decoration of these NWs
with CO-molecules opens the way to the formation of
one-dimensional (1D) molecular chains. Although the
adsorption of single CO-molecules on these Pt induced
NWs has been observed experimentally, true molecular
chains remain to be observed.15,16
Room temperature (RT) STM experiments, by O¨ncel
et al.15, showed the CO molecules to be very mobile
along the NWs. Later, Kockmann et al.16 performed
experiments at 70 K to suppress this mobility, and ob-
served a long range repulsive interaction between pairs
of CO molecules on the same NW. In those experiments
the NWs were considered to be composed of Pt dimers
in the troughs of a modified Ge(001) surface, called β-
terrace,14 allowing for a straight forward interpretation
of the observed STM images. The CO molecules were
suggested to be adsorbed on the bridge positions of the
NW dimers, comparable to the adsorption of CO on the
Pt(001) surface.15,16
Calculations on the interaction of CO with a free stand-
ing Pt monatomic wire suggest a similar behavior.17
However, in recent theoretical studies we showed the
NWs to be modeled by Pt induced Ge NWs.18,19 In this
model the NWs consist of Ge dimers placed in the Pt
lined troughs of a Pt modified Ge(001) reconstructed sur-
face. Since the sticking probability and affinity for CO
on Ge is known to be low,20 while being high for Pt, it
would be surprising if CO molecules would adsorb on the
Ge NW itself. This might lead to the suggestion that
the theoretical models, proposed in Ref. 19, are in dis-
agreement with the experiment. How can this theoretical
model be reconciled with the experimental observations?
In this paper we study the adsorption of CO on Pt
induced NWs, starting from the theoretical models we
proposed previously in Ref. 18 and 19. Using ab initio
DFT calculations, formation and adsorption energies are
calculated. Theoretical STM images, generated using the
Tersoff-Hamann method, are compared to experimental
STM images to identify the adsorption sites and geome-
tries observed in experiment.
This paper is structured as follows: In Sec. II the used
theoretical methods are described. In Sec. III we present
our results, which will be discussed more in depth in
Sec. IV. Finally, in Sec. V the conclusions are given.
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2II. THEORETICAL METHOD
The calculations are performed within the DFT frame-
work using the projector augmented waves method and
the Ceperley-Alder LDA functional, as implemented in
the VASP program.21–24 A 400 eV kinetic energy cutoff
is applied for the plane wave basis set. CO molecules are
placed on the models of both types of Pt induced NWs on
Ge(001) we presented in Ref. 19. The surface/NW sys-
tem is modeled by periodically repeated slabs of 12 layers
of Ge atoms with NW reconstructions on both surfaces.
A vacuum region of ∼ 15.5 A˚ is used to separate the
periodic images of the slab along the z axis. Due to the
computational cost and the small size of the CO molecule
a (2× 4) surface cell for the solitary wire geometry, and
a (4× 4) surface cell for the array wire geometry is used.
The Brillouin zone of the (2 × 4) ((4 × 4)) surface unit
cell is sampled using a 8 × 4 (4 × 4) Monkhorst-Pack
special k-point mesh.25 To optimize the geometry of the
surface/adsorbate system the conjugate gradient method
is used while the positions of the Ge atoms in the center
two layers are kept fixed as to represent the bulk of the
system.
STM images are calculated using the Tersoff-Hamann
method in its most basic form, with the STM tip approx-
imated as a point-source.26 The integrated local density
of states (LDOS) is calculated as ρ(r, ε) ∝ ∫ εF
ε
ρ(r, ε′)dε′,
with εF the fermi energy. Because the tunneling current
is proportional to the integrated LDOS in the Tersoff-
Hamann model, an STM-tip following a surface of con-
stant current can be simulated through plotting a surface
of constant (theoretical) LDOS: ρ(x, y, z, ε) = C, with C
a constant. For each C this construction returns a height
z as a function of the position (x, y). This heightmap is
then mapped linearly onto a gray scale. The constant C
is chosen such that the isosurface has a height z between
2 and 3 A˚ above the highest atom of the surface.
III. RESULTS
As is shown in literature, a small difference exists be-
tween solitary NWs (NW1) and NWs in arrays (NW2).27
In experiment this difference presents itself as the ap-
pearance of a (4 × 1) periodicity at lower temperatures,
which was traced back, in previous calculations, to the
presence of an extra Pt atom bound to every pair of NW
dimers.19,28 Since this extra Pt atom introduces new pos-
sible adsorption sites and geometries, CO adsorption on
both NW geometries is studied.
Because some of the initial adsorption geometries re-
laxed into the same final structure, and because in some
cases the geometry was modified extensively during relax-
ation, the adsorption sites presented in this manuscript
are those found after relaxation.
The NW geometry is a metastable configuration and
the adsorption of CO sometimes introduces large defor-
mations of the surface. Therefore we define both a for-
mation and adsorption energy in these systems. The for-
mation energy Ef indicates the energy gain/loss of the
entire system due to the CO adsorption and the subse-
quent changes in the surface structure. It is defined (per
(4× 2)-surface unit cell) as:
Ef = (ENW+CO − EpristNW −NCOECO)/2, (1)
with ENW+CO the total energy of the adsorbate-surface
system, EpristNW the total energy of a pristine slab + NW
system and ECO the total energy of a free CO molecule.
NCO is the number of CO molecules per surface unit in
the system and the division by two is because CO is ad-
sorbed at both faces of the slab. A negative value of the
formation energy Ef indicates an increase in stability of
the system. The adsorption energy Ead refers to the bind-
ing energy of the CO molecule to the surface. Here any
contribution due to surface deformation is excluded. It
is defined (per CO molecule) as:
Ead = (ENW+CO − ENW+sd −NCOECO)/(2NCO), (2)
with ENW+sd the total energy of the surface with the
adsorption induced deformations but without adsorbed
CO molecule.
A. CO on solitary NWs
Solitary NWs consist of Ge dimers located in the Pt
lined troughs of a Pt modified Ge(001) surface. We will
refer to this structure as NW1. Figure 1a shows the ad-
sorption sites studied for this NW1 surface reconstruc-
tion. The adsorption and formation energies are given
in Table I, as are some geometrical parameters, defined
in Fig. 1c, for the CO molecule on the surface. The
dimer length rCO of a free CO molecule was calculated
to be 1.1330 A˚, in good agreement with the experimen-
tal value.29 Table I shows the CO bond lengths are only
slightly stretched in most cases: about 1.59−1.85%. The
exception being CO adsorbed in the A3 configurations
where the stretching is 13.95% and 7.15%. The differ-
ence between these last two configurations and the other
configurations is the extra bond of the O atom with one
of the surface atoms. In case of the A3a configuration
the O atom has an extra bond with a Ge dimer atom
[cf. Fig. 2a], while in the A3b configuration it is bound
to a Pt atom of the top layer at the opposite side of the
trough [cf. Fig. 2b]. Another interesting geometrical fea-
ture is that in most cases the adsorbed CO molecule is
tilted with regard to the surface, unlike the behavior of
CO molecules on clean Pt surfaces. In case of CO ad-
sorbed on top of Pt atoms, the C-Pt bond length is just
slightly longer than what is found for CO on Pt(111) in
an ontop configuration.1,30
The adsorption energies given in Table I show a very
clear preference for CO adsorption on Pt (sites A1–A4).
The values of Ead might indicate that CO also binds
weakly to the Ge NW atoms (sites A5 and A6), con-
trary to the experimental knowledge that CO does not
3FIG. 1: (Color online) Adsorption sites of CO on a solitary
NW geometry (a) and an array NW geometry (b). Green
(red) balls indicate the positions of the germanium (platinum)
atoms. Black rectangles indicate surface unit cells.
Adsorption energies and geometrical parameters
for CO on NW1.
Ef Ead coord. rCO aCO rC−surf aC−surf
(eV) (eV) (A˚) (◦) (A˚) (◦)
NW1 A1 −1.300 −1.747 t 1.152 88 1.906 86
NW1 A2 −1.721 −1.990 t 1.154 57 1.920 48
NW1 A3a −1.156 −0.993 b 1.291 56 2.246 117
(2.150)
NW1 A3b −1.485 −2.069 b 1.214 47 2.012 101
(2.066)
NW1 A4 −2.859 −1.890 t 1.152 63 1.907 62
NW1 A5 −1.421 −0.439 t 1.151 70 2.015 70
NW1 A6 −0.349 −0.557 b 1.162 88 2.192 75
TABLE I: Formation and adsorption energies for CO ad-
sorbed on the NW1-surface. Adsorption sites are shown in
Fig. 1a. t (b) refers to top (bridge) adsorption. rCO and
rC−surf are the C-O and C-Pt(Ge) bond lengths. For the
A3 adsorption site the value between brackets is the C-Pt
bond length between C and the Pt atom in the bottom of the
trough. aCO and aC−surf are the bond angles with regard to
the surface plane. In case of bridge adsorption aC−surf is the
angle between the two C-surface bonds. For the adsorption
sites A1 to A4, the C atom is bound to surface Pt atoms, for
the sites A5 and A6 the C atom is bound to Ge NW atoms.
bind to Ge. However, one needs to bare in mind that
LDA tends to overbind, which in this case results in the
small adsorption energies. Furthermore, the binding en-
FIG. 2: (Color online) Ball-and-stick representations of the
relaxed A3a (a) and A3b (b) adsorption structures.
ergies of CO on Ge are Ead ∼= 0.5 eV, while Ead ∼= 2.0 eV
for CO adsorbed on Pt atoms, making the latter much
more preferable.
The A3-structures are a bit peculiar, and, as we
will show later, the A3a-structure results in calculated
STM images that show extremely good agreement with
the STM images obtained by O¨ncel et al.15 Both A3-
structures have a bridge like adsorption geometry [cf.
Fig. 2] but their adsorption energies differ more than 1
eV, making them the best and worst cases for CO ad-
sorbed on the Pt atoms in this system. The most impor-
tant contribution to the adsorption energy in this system
comes from the CO bond-stretching. To examine the
effects of this bond stretching, one can use a modified
version of Eq. (2), replacing the formation energy of a
relaxed gas molecule by the formation energy of a CO
gas molecule with the same bond length as the adsorbed
molecule. The resulting energy could then be consid-
ered the energy needed to desorb the molecule from the
surface in a two step fashion. First, the bond(s) to the
surface atoms are broken while the CO bond length re-
mains unchanged. Then the molecule moves away from
the surface relaxing to its equilibrium bond length. Since
most adsorption geometries show only slightly stretched
CO molecules, this energy only differs a little (∼ 50
meV) from Ead . However, for the strongly stretched A3-
geometries a large difference with regard to Ead is seen,
resulting in energies of −2.010 eV and −2.384 eV for the
A3a- and A3b-structures, respectively. This means that
a CO molecule at an A3-site becomes the hardest to des-
orb from the surface using the path described above.
The somewhat peculiar adsorption geometry in case of
the A3b-site can be understood when it is compared to
the adsorption of CO on a monatomic Pt wire. In their
theoretical study, Sclauzero et al.17 found that for an in-
termediate inter-platinum-distance of 3.7–5.3 A˚ a config-
uration with the CO molecule bridging the gap between
two Pt atoms is the most stable configuration, while for
an inter-platinum-distance around 2.50 A˚ the bridge con-
figuration, with the C atom bound to two Pt atoms, was
found to be most favorable. In the A3b-situation three
Pt atoms are involved. Two (Pt1 and Pt2) are bound to
the C atom and one (Pt3) is bound to the O atom. The
distance between Pt1 and Pt2 is 3.145 A˚, while the dis-
tance between Pt1 and Pt3, and Pt2 and Pt3 is 3.958 and
4CO on the 4× NW1 surface cell.
A1 A2 A3b A4 A5 A6
Ef (eV) −3.60 −3.58 −5.56 −2.72 −0.78 −1.35
Ead (eV) −1.94 −2.11 −2.00 −1.94 −0.67 −0.39
TABLE II: Adsorption and formation energies for the adsorp-
tion of one CO molecule per four NW dimers.
5.008 A˚, respectively. Both the latter values are nicely
in the intermediate range for the bridging configuration,
while the former value lies in the range where Sclauzero
et al. found a simple bridge configuration to be most
stable.
From Eqs. (1) and (2) follows that the energy due to
the surface deformation induced by the adsorption of a
CO molecule is given by: Esd = Ef−Ead. Positive values
of Esd indicate a destabilization due to the adsorbed CO
molecule (A1, A2, A3b, and A6), while negative values
indicate a stabilization (A3a, A4, and A5). In Ref. 19 the
NW1-geometry was shown to be a metastable configura-
tion. It was also shown that the adsorption configuration
with the Ge NW dimer bound to four surface dimers (site
C in Fig. 11a in Ref. 19) has a more favorable formation
energy than the NW1 structure (cf. Table III in Ref. 19,
compare γ?as Ge NW A (NW1) to γ
?
as Ge NW C).
This explains the increased surface stability seen for
CO adsorption sites A3a, A4 and A5. From the large dif-
ferences between the adsorption and formation energies,
it is expected that adsorption of CO on the NW1-system
has a large influence on the geometry of the wire, as can
be seen for example in Fig. 2. Because the range of the
(destructive) influence of a CO molecule on the wire is
larger than the size of the used surface cell, some calcu-
lations are carried out using a surface cell 4× the unit
cell length. Only a single CO molecule is absorbed on it,
effectively reducing the CO density by a factor of four.
Since the relaxation of such a huge cell is computational
very demanding, lower accuracy relaxation parameters
are used. Ef and Ead are given in Table II showing even
more clearly the effect of the CO molecule on the NW1
geometry
The large differences between Ef and Ead again indi-
cate large modifications of the NW1-structure. Compar-
ing the relaxed geometries, we find that for larger dif-
ferences between Ef and Ead , more NW dimers are dis-
placed or destroyed. In case of the A3b-structure even all
four NW dimers are somehow modified. This behavior
might be the basis of the experimentally observed long-
ranged repulsive interaction between CO molecules.16 We
will look into this aspect of CO adsorption in more detail
in Sec. IV.
Adsorption energies and geometrical parameters
for CO on NW2.
Ef Ead coord. rCO aCO rC−surf aC−surf
(eV) (eV) (A˚) (◦) (A˚) (◦)
NW2 B1 −1.424 −2.336 b 1.171 76 2.086 82
(2.004)
NW2 B2 −0.761 −1.911 t 1.154 77 1.911 74
NW2 B3 −1.033 −2.090 t 1.155 90 1.868 90
NW2 B5 −0.784 −2.197 t 1.170 20 1.883 28
NW2 B4 −0.319 −0.916 b 1.163 62 2.003 72
(2.411)
TABLE III: Formation and adsorption energies for CO ad-
sorbed on the NW2 surface. Adsorption sites are shown in
Fig. 1b. t (b) refers to top (bridge) adsorption. In case of
the B5 adsorption site, the C atom is bound to only one Pt
atom, however, the O is bound to the Pt atom at the opposite
side of the trough resulting in the entire CO molecule forming
a bridge. rCO and rC−surf are the C-O and C-Pt(Ge) bond
lengths. aCO and aC−surf are the bond angles with regard to
the surface plane. For the B1 adsorption site the value be-
tween brackets is the C-Pt bond length between C and the
Pt atom at the bottom of the trough. For the B4 adsorp-
tion site the value between brackets is the C-Ge bond length
to the Ge atom bound to the extra Pt atom in the trough.
In case of bridge adsorption aC−surf is the angle between the
two C-surface bonds. Only for the B4 site C is bound to Ge
NW atoms, in all other cases C is bound to a Pt atom in the
surface.
B. CO on NW-arrays
In Ref. 19 it was shown that the NWs in NW-arrays
only differ very little from solitary NWs: a single extra Pt
atom in the NW trough added to two NW1 unit cells, we
will refer to this structure as NW2. The extra Pt atom
(indicated in Fig. 1b) binds to two NW dimers, inducing
the observed 4× 1 periodicity. This extra bond also sta-
bilizes the NW.19,31 Through its construction, the unit
cell of a NW2 surface is twice the size of that of the NW1
surface and since we only adsorb 1 CO molecule per sur-
face, this effectively halves the CO-coverage compared to
that on the NW1 system.
Figure 2b shows the adsorption sites of CO on the NW2
4 × 4 surface cell after relaxation of the system.32 Only
the adsorption sites different from those already present
in the NW1-geometry, i.e. those where the extra Pt atom
is involved directly of indirectly, are investigated. Our
observations for the adsorption sites on the NW1-surface
are assumed also to be valid for the equivalent sites on
the NW2-surface.
The adsorption energies per CO molecule and the for-
mation energies per 4 × 2 surface cell are shown in Ta-
ble III. Just as for the the CO molecules adsorbed on Ge
in the NW1 case, CO molecules adsorbed on Ge in the
NW2 case (B4) have a much lower binding energy than
CO molecules bound to Pt atoms, indicating the strong
preference of CO toward Pt. The adsorption energies for
CO molecules on Pt atoms are in the same range as for
5the NW1-system, albeit slightly higher on average. This
might be due to the lower CO coverage in the NW2-
systems, reducing the direct and indirect interaction be-
tween CO molecules. The A2 and B2 adsorption sites,
on the NW1- and NW2-geometries, respectively, differ
only by the presence of the extra Pt atom, resulting in
comparable adsorption energies. However, the presence
of the extra Pt atom in case of the NW2-system prevents
the CO molecule of bending far toward the surface, in-
creasing the angle aC−surf from 48◦ to 74◦.
In case of the B5-site, where no extra Pt atom is
present in the trough, the CO molecule bends very much
toward the surface and actually bridges the through con-
necting two Pt atoms at opposing sides of the trough.
The distance between these Pt atoms is 4.826 A˚, plac-
ing them in the regime where Sclauzero et al.17 found a
“tilted bridge” configuration to be the energetically pre-
ferred configuration. In their study of CO adsorption on
a freestanding monatomic Pt wire, Sclauzero et al. iden-
tified 3 regimes for the CO adsorption geometry. i) For an
unstretched (with Pt-Pt bond length dPt−Pt = 2.34 A˚)
freestanding Pt wire, the bridge configuration was found
to be favored with respect to the ontop configuration by
about 1 eV. The energy of the bridge configuration was
shown to have a minimum for a value for dPt−Pt = 2.50 A˚
just slightly above the equilibrium Pt bond length of the
chain. We will refer to this as the unstretched regime.
ii) In case of a hyperstretched configuration an energy
minimum was found at dPt−Pt = 5.05 A˚. In this case the
substitutional geometry was found to be more favorable
than the bridge configuration. In the substitutional con-
figuration the CO molecule is aligned parallel with the
Pt wire, and the C and O atom are bound each to a half
of the Pt wire. iii) However, Sclauzero and his collabo-
rators found the energy minimum of the substitutional
geometry to be still slightly higher than the tilted bridge
configuration. In this tilted bridge configuration the CO
bond lies in a plane trough the wire, but it is not aligned
parallel or orthogonal to the wire. Although no energy
minimum for this configuration was found, Sclauzero et
al. found it to be preferred over the bridge and substi-
tutional configuration for intermediate stretching lengths
of the Pt-Pt distance (about 3.8 A˚ ≤ dPt−Pt ≤ 5.1 A˚).
Although the monatomic wire studied by Sclauzero et
al. are quite different from our current system, the inter-
platinum-distances are comparable. Even more, in case
of the NW2-geometry there are three Pt atoms (two on
opposing sides of the trough, and the extra Pt atom in
the trough) forming a mini monatomic wire spanning the
trough, with three inequivalent adsorption sites located
on it.
The adsorption site with the highest binding energy
of all adsorption sites studied is the B1-site. In this
case the CO molecule binds to two Pt atoms through
a bridge configuration. The distance between the two
Pt atoms is 2.682 A˚, slightly longer than the optimum
inter-platinum-distance for a CO molecule adsorbed in
a bridge configuration on a monatomic freestanding Pt
wire. The B2- and B3-sites have an ontop configuration,
and are 0.43 eV and 0.25 eV lower in adsorption energy.
This shows a nice qualitative agreement between this 3-
atom monatomic Pt wire present in the NW2-system and
a freestanding monatomic Pt wire.
For all adsorption sites studied on the NW2-surface,
the CO bond lengths are only stretched slightly, 1.85 −
3.35%. Even more, comparing the values of rCO and
rC−surf with those found by Sclauzero et al. shows per-
fect agreement for the CO bond length, and just frac-
tionally larger lengths for the C-Pt distances in our em-
bedded 3-atom Pt wire. This slightly larger length is
a simple consequence of the Pt atoms being embedded
in the NW2-surface. The B3-site is the only site where
the CO molecule is perfectly perpendicular to the surface,
this is due to the symmetry of the chemical environment.
In contrast, the B2 adsorption site has a lower symmetry
and the molecule bends along the asymmetry direction
toward the 3-atom monatomic Pt wire.
Contrary to CO adsorbed on the NW1-surface, CO ad-
sorbed on the NW2-surface seems much less destructive.
This is because the NW dimers are anchored at their po-
sition by the presence of the extra Pt atom. Only CO
adsorbed at the B1- or B3-site modifies the NW signif-
icantly. In both cases, the CO molecule has a bond to
the extra Pt atom, weakening the bonds with the NW
dimers. Furthermore, just as for the NW1-surface, the
CO molecules are positioned between the NW dimers,
pushing them outward, away from the molecule. The
combination of these two effects is large enough to break
the bonds between the NW dimers and the extra Pt
atom. Due to the periodic boundary conditions and the
size of our unit cell, the two NW dimers recombine to
form a tetramer-chain between the two copies of the CO
molecule. In contrast to the NW1-surface, the free NW
dimers will not be able to block the next equivalent ad-
sorption site due to the presence of a NW dimer anchored
in place by its accompanying extra Pt atom.
IV. DISCUSSION
The results from the previous section show no clear-cut
image for the CO adsorption system based solely on cal-
culated energies, which might already be suspected from
the history of CO adsorption on pure Pt surfaces. How-
ever, direct comparison with experiment is possible by
means of calculated STM images. This method has al-
ready been shown very successful at identifying correct
adsorption sites for CO, even when the calculated en-
ergies fail to do so.12,13 At the moment of writing only
very little experimental work is available, and the actual
underlying NW type is not always entirely clear. The
earliest experimental work on this system, by O¨ncel et
al.15, presents the adsorption of CO molecules on NWs
separated 2.4 A˚, which based on our previous calcula-
tions (Ref. 19) leads to the assumption that these wires
can be considered solitary NWs. In these experiments
6FIG. 3: (Color online) Zoom out of a section of figure 1 in
Ref. 16, an empty state STM image (+1.8 V; 0.5 nA) of CO-
decorated NWs, recorded at 77 K. We have indicated three
CO adsorption sites. Site 1 shows a large depression in the
wire. Sites 2 and 3 show large protrusions. In case of site 2
nicely centered on the NW, while for site 3 the protrusion is
centered either left or right of the NW.
only one adsorption site was observed. It appears as a
protrusion at negative bias, and as a depression at pos-
itive bias. Later work, by Kockmann et al.16, studied
the adsorption of CO molecules on arrays of NWs spaced
only 1.6 A˚. Based upon the results presented in Ref. 19,
we assume these wires to have a NW2-geometry. Unlike
O¨ncel et al., Kockmann and collaborators observed two
adsorption sites, both different from the one observed by
O¨ncel et al.
Based on this we will compare our results for solitary
wires with the experiments of O¨ncel et al., and those for
array-NWs with the experiments of Kockmann et al.
A. CO adsorption on Pt induced nanowires
As reference images for the experiment we will use
figure 2a and 2b of Ref. 15 for the solitary NWs and
figure 1 of Ref. 16 for the NW arrays. Close examination
of figure 1 in Ref. 16 shows three distinctly different
adsorption sites, indicated in Fig. 3. Kockmann and
collaborators on the contrary only identify two, con-
sidering sites 2 and 3 the same adsorption site. It is
well known from literature that the electric field of the
STM tip can influence the position and orientation of
molecules adsorbed on a surface.33 This can result in an
extra broadening of the CO image along the scan lines.34
This, however, can not cause the CO molecules at the
adsorption site 2 in Fig. 3, to appear as site 3, since the
latter is observed at both sides of the NW [cf. Fig. 3].
In addition to the formation and adsorption energies,
STM images are calculated for all adsorption NW1-and
NW2-geometries. All NW1 CO-adsorption geometries
show protrusions for both positive and negative sim-
ulated bias, with the exception of the A3a adsorption
site. For the latter, a protrusion is visible in the filled
state image [cf. Fig. 4c], while a depression is clearly
present in the empty state image [cf. Fig. 4c]. The
comparable A3b-structure on the other hand shows a
clear protrusion on the adjacent quasi-dimer row (QDR)
for all biases [cf. Fig. 4e]. However, this protrusion is
not caused by the CO-molecule present, but by the Ge
NW atom ejected from the trough instead [cf. Fig. 2b].
Removal of this Ge atom removes the protrusion and
only a brightened Pt-Ge dimer, bound to the O atom,
remains [cf. Fig. 4f]. The CO molecule itself remains
invisible.
Of all adsorbed CO molecules only those on the A3
sites and on the Ge NW, are located “on” the NW.
However, these are not the only CO molecules resulting
in a CO-image “on” the wire. Due to the large tilt
angle of the CO molecule at the A2-site the resulting
image gives the impression of a CO molecule sitting, just
slightly asymmetric, on top of the NW, as can be seen
in Fig. 4a and 4b. For large negative bias the image is
round, while becoming more and more bean-shaped for
smaller negative biases and all positive biases.
CO molecules bound to Ge NW atoms show images
which look bean-shaped for the A5 adsorption site, and
two-lobbed donut-shaped for the A6 adsorption site.
Based on the adsorption energies found in Sec. III, the
adsorption of CO on the Ge NW dimers can be excluded.
Only the Pt adsorption sites near the NWs remain. For
the solitary NWs the A3b-site can be excluded because
for both positive and negative bias a depression is found,
which is not reported in experiments.
The sites A1, A2, and A4 show a comparable behav-
ior. Both in the filled and empty state pictures a large
protrusion is clearly visible, slightly asymmetric to the
NW position. Figures 4a and 4b show an A2 adsorbed
CO molecule as example.
The A3a-site despite its low adsorption energy shows
something interesting. The filled state picture shows a
pear shaped image for the NW dimer [cf. Fig. 4c], just as
was observed by O¨ncel et al., and the empty state picture
shows no NW dimer image [cf. Fig. 4d]. Comparison
to figures 2a and b in Ref. 15 shows good agreement.
Linescans along the NW for the A3a adsorption site, in
comparison to a pristine NW are shown in Fig. 5. Due
to periodic boundary conditions and the fact that our
unitcell only contains 1 NW dimer, this image can only
be used to compare to the region ∼ 0.5 – ∼ 1.5 nm in
figure 3 of Ref. 15. Note that the linescans in figure 3
of Ref. 15 and Fig. 5 of this work are mirror images of
each other (mirrored around the center of a NW dimer),
indicating that the CO molecule was bound (the O-Ge
bond) to the ‘left’ side of the NW dimer in experiment,
while it is bound to the right side in our calculations [cf.
Fig. 4c]. For the linescan of the filled state picture, the
asymmetric shape and the width of the protrusion match
7FIG. 4: (Color online) Calculated filled and empty state STM
images for the A2 (filled (a) and empty (b)), A3a (filled (c)
and empty (d)), A3b (filled (e)), and A3b1 (filled (f)) adsorp-
tion geometries. The simulated biases are for (a), (e), and (f)
−1.50 V, (b) +1.50 V, (c) −0.70 V, (d) +0.30 V. Contours
are added to guide the eye, they are separated 0.3 A˚. Colored
discs indicate atomic positions: green and red represent Ge
and Pt atoms in the top two layers of the surface, yellow rep-
resent the Ge atoms forming the NW, and cyan and fuchsia
represent the C and O atoms respectively.
very well. There is also a good agreement between the
linescans of the empty state pictures. Note that in both
cases the two small peaks have a different height, with
the highest peak at the lower side of protrusion in the
filled state picture. Furthermore, comparison to the
linescan of a pristine NW shows the maximum of the
filled state protrusion to be located near the center of
the dimer, giving the impression that the CO molecule is
located on top of the NW dimer in a bridge configuration
(compare to figure 6.1b in Ref. 35). Also the location
of the larger of the two small protrusions, in the empty
state picture linescan, at the minimum between two NW
dimers is in excellent agreement with the experimental
observations (cf. figure 6.2b in Ref. 35). This shows that
a CO molecule in between two NW dimers, bound to one
NW dimer through the O atom, can look like a molecule
bound on top of a NW dimer. The low binding energy
found here remains problematic. However, the fact
that taking into account the stretching of the molecule
returns an energy comparable and better than most of
the other adsorption structures could indicate the energy
barrier for desorption to play an important role. This
also indicates that for RT experiments where a much
FIG. 5: (Color online) Linescan images along the NW for the
clean NW at a simulated bias of −1.50 V (solid black curve),
the CO molecule adsorbed at the A3a-site at a simulated bias
of −0.70 V (dash-dotted red curve) and +0.30 V (dashed blue
curve). For each system z = 2.5 A˚ is used to generate the
calculated STM images from which the line scans are taken.
The lines are shifted along the [001]-axis.
lower CO density is present, reducing the contributions
of direct and indirect interaction between CO molecules,
this might not be as problematic. The good agreement
of this structure with the experiment seems to support
this idea.
Although O¨ncel et al. do not report observing any
other adsorption sites, they do report the CO molecules
to perform a 1D random walk along the NW. Since
the A3a adsorption site does not easily allow for a CO
molecule to just jump from one site to the next, some
intermediate stable adsorption sites should be present to
accommodate this mobility. Looking at the geometry of
the relaxed structures a path can be imagined going from
A3a to A2 [cf. Fig. 1a], by breaking the bond between
the C atom and the Pt atom at the bottom of the trough
and breaking the O-Ge bond. Rotation from the A2 to
the A4 configuration and onto the A1 adsorption site,
followed by the same path in reverse to the next A3a
site. The binding energies of these three adsorption
sites (A1, A2 and A4) differs only little making it an
energetically possible path at RT.36 These sites are also
present on the NW2-surface, where the adsorption site
B2 can be considered an alternative for the A2-site.
The calculated STM images of the B2-site also show
the same asymmetric protrusion in the filled and empty
state pictures, while the adsorption energy (shown in
Table III) lies in the range of the three A-sites. Site 3
in Fig. 3 clearly shows such an asymmetric adsorption
site. Although the resolution in Fig. 3 is not sufficient to
distinguish between the four adsorption sites mentioned
above, it is sufficient to indicate their existence.
8For the NW2-surface, the calculated STM im-
ages for the adsorption sites show quite a complex
picture. The most simple behavior is observed for the
B4-site. Both the filled and empty state pictures show,
a round, slightly asymmetric CO image sticking out
far above the surface and the NW. Conversely, a CO
molecule at the B1-site shows a sharp round image
which becomes smaller (even invisible) for biases close to
the Fermi level [cf. Fig. 6a and 6b]. CO adsorbed at the
B3 site, on the other hand, shows a nice round image for
negative bias (cf. filled state picture in Fig. 6e), which
becomes a two lobbed image for small positive bias but
becomes invisible for large positive bias (cf. empty state
picture in Fig. 6f).
In each of the above cases the CO image appears
nicely centered on the NW, which can be understood
from the underlying geometry. In case of a CO molecule
adsorbed at the B2-site ,the tilting of the molecule over
the trough causes the CO image to appear only slightly
shifted away from the center of the NW, giving the
impression the CO molecule might be located on the
wire itself [cf. Fig. 6c and 6d]. Both the filled and empty
state pictures show nice elliptical CO images for large
biases, while close to the Fermi level the elliptical image
becomes two-lobbed. As with all the previous cases
where a donut or two-lobbed CO image was observed,
this are the pi-orbitals of the molecule that are being
observed.12
The only adsorption site left to discuss, is the B5-site.
Here the CO molecule bridges the entire trough, so
a serious modification of the calculated STM pictures
might be expected. Amazingly, the calculated STM
images show nothing. Both for filled and empty state
pictures a normal NW image is observed, and not even
the slightest indication of the CO molecules presence
can be observed, making the CO molecule effectively
invisible.
Figure 6 shows the calculated STM images for B1, B2,
and B3 adsorbed CO molecules. When comparing these
images with experimental STM images, there are a few
things we need to keep in mind. i) The way the STM
images were calculated. By using a point source as tip,
almost infinitely sharp images are obtained, while in real-
ity tip-size and geometry will influence the obtained STM
image. This will mainly manifest itself in a broadening
of the observed features. ii) No dynamic tip-substrate
interactions are included in the calculated STM images.
Although for a clean surface the effect of the tip on the
surface geometry is almost negligible, this is not the case
for a molecule bound to the surface.33 At low coverage,
molecules retain a large freedom to move, even if their an-
chor point remains fixed, resulting in a blurring of their
observed STM image. iii) The position of the molecular
orbitals, especially the states above the Fermi level are
not that well described in DFT (this is the well known
band gap problem). This means that it is not always pos-
sible to use the same simulated bias as the experimental
one. Points i and ii explain why the CO images in Fig. 3
FIG. 6: (Color online) Calculated STM images of CO
molecules adsorbed at the B1- (a and b), B2- (c and d) and
B3-sites (e and f). The distance above the highest atom was
chosen z = 2.0 A˚. Filled state images (a), (c) and (e) are at
a simulated bias of −1.80 V, while for the empty state im-
ages (d) and (f) a simulated bias of +1.80 V was used. For
the empty state image (b) a simulated bias of +1.50 V was
used. Contours are added to guide the eye. All contours are
separated 0.2 A˚ in the z direction. Colored discs indicate the
atom positions in the top layers. Ge and Pt atoms in the two
top layers are shown in green and red respectively. Yellow
discs are used to indicate the Ge NW atoms, while cyan and
fuchsia is used for the C and O atoms respectively.
FIG. 7: (Color online) Ball-and-stick representation of the
relaxed geometries of CO molecules adsorbed at sites B1 (a),
B2 (b) and B3 (c). Arrows indicate broken bonds between
the Ge NW atoms and the extra Pt atom for the B1 (a) and
B3 (c) adsorption sites. For the B2 adsorption site (b) these
bonds, indicated with the arrows, are not broken.
show up to be sometimes two dimers long with a width
larger than that of the NW.
With this in mind, the three adsorption sites shown
9in Fig. 3 can be identified by comparing the calculated
empty and filled state pictures to experimental STM pic-
tures. Site 1 shows a depression in the empty state pic-
ture, centered between two NW dimers. The filled state
pictures on the other hand show a small protrusion.16
Figures 6e and 6f show the same behavior for the B3
adsorbed CO molecule. Its geometry, shown in Fig. 7c,
shows the CO molecule bound in an on-top configura-
tion to the extra Pt atom. This bond weakens the bonds
between the extra Pt atom and the NW dimers, allow-
ing for the presence of the CO molecule to break them
entirely, pushing the two NW dimers away from the CO
molecule. The limited size of the surface cell and the pe-
riodic boundary conditions results in the formation of a
Ge tetramer, and a limitation of the length of the depres-
sion to roughly 5–6 A˚. In experiment however the NW
dimers could be pushed even further apart resulting in
a large gap around the CO molecule, which explains the
experimentally observed length of the depression to be
roughly two dimer lengths. The lack of small depressions
on either side of the CO molecule in the experimental
filled state pictures can be understood as a consequence
of the molecule-tip interactions mentioned earlier.
The second site seen in Fig. 3, shows a protrusion in
both filled and empty state pictures. Figures 3a and b in
Ref. 16 also show that the relative height with regard to
the NW is smaller in the empty state picture than in the
filled state picture. This turns out to be in agreement
with the images found for the B1 adsorbed CO molecule
[cf. Fig. 6a and 6b]. At this adsorption site the CO
molecule is bound in a bridge configuration to the ex-
tra Pt atom and a Pt atom of the surface dimer row [cf.
Fig. 7a]. Again the bond with the extra Pt atom allows
for the bonds between the NW dimers and the extra Pt
atom to be broken, and the NW dimers to move away
from the CO molecule resulting in a large gap around
the CO molecule. Table III shows this bridge configura-
tion to have the highest adsorption energy, in agreement
with the ab initio calculations of Sclauzero et al.17
The third and last adsorption site indicated in Fig. 3
shows a clearly asymmetric protrusion in the empty
states picture. Unfortunately no experimental filled state
pictures have been published for this adsorption site, but
based on all the other adsorption sites observed in exper-
iment we will assume that also in this case a protrusion
is observed in the filled state image. Figures 6c and 6d,
show the filled and empty state pictures of a CO molecule
adsorbed at site B2. This CO molecule is bound to a Pt
atom in the surface dimer row, see Fig. 7b. Because it is
tilted toward the NW, the resulting image appears just
slightly asymmetric of the NW, making it a very good
candidate for the adsorption site 3 indicated in Fig. 3. In
combination with the adsorption sites A1, A2, and A4,
this adsorption site gives a possible migration path for
the mobility observed by O¨ncel et al.15
In their investigation of CO adsorption on the Pt
induced NWs Kockmann et al. also observe a, what
they call, remarkably long-ranged repulsive interaction
between the CO molecules. This repulsion, they found,
has a range up to 3–4nm (or 4–5 NW dimers) along the
NW direction. Due to its long range they concluded that
this repulsive interaction can not just be a mere elec-
trostatic repulsion. Furthermore, Kockmann et al. note
that the characteristic long-ranged repulsive interaction
is independent of the adsorption sites involved. This
long range interaction along the NW is sharp contrast
with the fact that no significant interaction is observed
between CO molecules on adjacent wires. This means
the origin of the repulsive interaction needs to be linked
to the NW itself. We have shown for the adsorption
sites on the NW1- and the NW2-surface that the pres-
ence of CO molecules modifies the nearby NW dimers in
varying degrees. When the CO molecule is located be-
tween NW dimers (e.g. A3, B1, and B3) it seems to repel
the nearby NW dimers. For example, for the A3-site we
find the resulting modifications to extend up to two NW
dimers in each direction. Two other examples are shown
in Fig. 7a and c. They show the interaction between two
periodic copies of a CO molecule on the NW2-surface.
These copies are separated 2 NW dimer apart and can
press their neighboring NW dimers toward one-another
far enough such that they form a tetramer. This effec-
tively results in an indirect interaction between the two
CO molecules. The surface strain mediating the indirect
CO interaction is directed purely along the NW itself.
The NW dimers which are pressed away from their orig-
inal position will in their turn press further neighboring
NW dimers from their equilibrium position and so on.
These dislocated NW dimers block the possible adsorp-
tion sites resulting in an effective long range repulsive
interaction.
As a final remark in this paragraph, we would like
to point out the B5 adsorption configuration. Its high
adsorption energy (only 140 meV below that of the B1
configuration) makes it also a reasonable adsorption con-
figuration. Figures 8a and 8b show the calculated filled
and empty state pictures. These show the CO molecule
to be invisible, while the rest of the NW image remains
unchanged. This is also the case for other simulated bi-
ases (±0.30 and ±0.70 eV), leading to the conclusion
that this adsorption configuration could well be present
in experiment, but invisible for STM. Only high reso-
lution linescans orthogonal to the NWs at the position
indicated in Fig. 8a could show the induced asymmetry
of the QDRs [cf. Fig. 10], possibly combined with the ob-
servation that these asymmetric linescans are on average
lower than those symmetric ones on locations where no
CO molecule is present. Another option one could imag-
ine to make the CO molecule appear, is by breaking its
O-Pt bond with a small current surge through the STM
tip. The CO molecule might then revert to the B2 ad-
sorption configuration, which would be clearly visible in
both filled and empty state pictures [cf. Fig. 6c and 6d].
This was for the case where the substrate is a NW ar-
ray. For solitary NWs, which we have already shown to
be less stable under CO adsorption, observation might
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FIG. 8: (Color online) Calculated STM images of CO
molecules adsorbed in bridging configurations B5 (a and b),
A3b2 (c and d) and A72CO (e and f). The distance above
the highest atom was chosen z = 2.0 A˚. Filled state pictures
(a), (c) and (e) are at a simulated bias of −1.50 V, while for
the empty state pictures (b), (d) and (f) a simulated bias of
+1.50 V is used. Contours are added to guide the eye, and
are separated 0.2 A˚. Colored discs indicate the atom positions
in the top layers. Ge and Pt atoms in the two top layers are
shown in green and red respectively. Yellow discs are used to
indicate the Ge NW atoms, while cyan and fuchsia is used
for the C and O atoms respectively. Blue arrows show the
position and direction of the linescans shown in Fig. 10
be a little bit easier. Table IV shows the A7 configura-
tion (cf. Fig. 9b, it is the analog of the B5 configuration)
to have a very high adsorption energy. Here the steric
repulsion between the CO molecule and the NW dimers
will create a hole in the NW centered around the CO
molecule. This defect should show up as a depression
over a wide range of biases. This wide depression would
have a small protrusion in its center and a width of at
least 8 A˚.37
B. Molecular electronics on Pt modified Ge(001)?
From these calculations and the experiments presented
in literature, the possible application of this system for
1D molecular electronics becomes very unlikely. The
long-ranged interaction observed by Kockmann et al.
and its explanation in light of the calculations performed
in this work, seems to be the main problem.
Up to this point we mainly focussed on identifying the
experimentally observed structures. The B5 adsorption
configuration, and the comparable A3b configuration
have not yet been discussed in light of experiments,
while showing almost the best adsorption energies.
The calculated STM images for these structures show
something very peculiar: the total lack of an image for
the CO molecule. In case of the A3b adsorption site a
FIG. 9: (Color online) (a) Ball-and-stick representation of
the two bridging CO configurations. Geometrical parameters
given in Table IV are indicated. Ball-and-stick representation
of the A7 (b) and A72CO (c) structures. Arrows in (b) show
the drift direction of the NW dimers.
FIG. 10: (Color online) Calculated linescan images along (a)
and orthogonal (b) to the trough/NW for the B5 (solid black
curve), the A3b2 (red dashed curve) and the A72CO (green
dash-dot curve) configuration. The linescans are taken along
the arrows shown in Fig. 8 (a), (c), and (e). The arrows in
(a) indicate the positions of the CO molecules, while C and
O show the positions of the C and O atom in (b).
large protrusion is still visible, however this is an ejected
Ge atom of the NW dimer [cf. Fig. 2b]. This ejection
was due to the limited unitcell size. The steric repulsion
between two periodic copies of the CO molecule and
the single Ge NW dimer prohibited the Ge dimer to be
displaced sufficiently along the NW direction. To remove
this ‘computational artefact’ the ejected Ge atom is
removed (A3b1), and in a second calculation both Ge
atoms forming the NW dimer are removed (A3b2). Also
an adsorption structure with B5 configuration on a
NW1 surface is build (A7), using a double NW1 surface
cell. Table IV shows the formation and adsorption
energies for these new structures in comparison to the
B5- and A3b-structures. Removal of the Ge NW atoms
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Adsorption energies and geometrical parameters for bridging CO molecules
on a Pt modified Ge(001) surface.
Ef Ead coord. rCO aCO rC−surf aC−surf rO−Pt
(eV) (eV) (A˚) (◦) (A˚) (◦) (A˚)
NW1 A3b −1.485 −2.069 b 1.214 47 2.012 101 2.249
(2.066)
NW1 A3b1 −1.163 −2.276 b 1.207 43 1.960 90 2.167
(2.106)
NW1 A3b2 0.390 −2.094 b 1.204 44 1.964 87 2.190
(2.084)
NW2 B5 −0.784 −2.197 t 1.170 20 1.883 28 2.433
NW1 A7 −1.589 −2.361 t 1.169 17 1.884 28 2.401
NW1 A72CO −3.741 −2.214 t 1.167 19 1.882 27 2.394
TABLE IV: Formation and adsorption energies for CO adsorbed in configurations bridging the trough between two neighboring
QDRs. Adsorption sites are shown in Fig. 9a. The B5 and A3b values are duplicated from Table I for ease of comparison. rCO,
rC−surf , and rO−Pt are the C-O, C-Pt and O-Pt bond lengths, the value between brackets for rC−surf is the bond length of the
C atom to the Pt atom at the bottom of the trough. aCO and aC−surf are the bond angles with regard to the surface plane. In
case of bridge adsorption aC−surf is the angle between the two C-surface bonds.
clearly decreases the formation energy of the surface,
which is due to the uncovering of the imbedded Pt
atoms.19 The adsorption energy of the CO molecule
however remains roughly the same. Also the geometrical
parameters barely change. The bond lengths decrease
slightly, due to the reduced steric repulsion between the
CO molecules and the Ge dimer atoms, moving the CO
molecule closer to the surface.
In case of the A7 adsorption configuration, the lack
of anchor point for the NW dimers causes them to drift
away from the CO molecule due to the steric repulsion.
Which, because of the limited unit cell size, results in the
formation of a Ge tetramer as is shown in Fig. 9b. The
geometric parameters for the CO molecules in the B5
and A7 adsorption configurations are almost identical.
However, the distance between a CO molecule and the
nearest Ge atom of a NW dimer is approximately 4.3
A˚ in case of the A7 configuration, while it is only 3.3
A˚ in case of the B5 configuration. This indicates the
improvement in adsorption energy, going from the B5 to
the A7 configuration, can be attributed to the reduction
of the steric repulsion between the CO molecule and the
Ge NW dimers.
Because uncovering the imbedded Pt atoms has a
negative influence on the formation energy, a model is
build with the entire NW removed and replaced by a
maximum coverage of CO molecules in an A7 configu-
ration (A72CO). The A72CO structure contains two CO
molecules per 4 × 2 surface cell [cf. Fig. 9c], making
this a four times higher coverage than the A7 case. A
large increase in the formation energy is found, while
the steric repulsion only has a minute influence on the
adsorption energy of the CO molecules. Furthermore,
the geometrical parameters remain almost unchanged
making this, from the geometrical point of view, a very
good candidate for 1D molecular electronics. However,
one small problem remains: these CO molecules in
either b or t bridging configuration are invisible in STM.
Figure 8 shows both filled and empty state pictures of
the B5, A2b2, and A72CO adsorption geometries. For
the B5 adsorption configuration the linescan (black solid
line shown in Fig. 10) is almost unmodified compared to
the linescan of the pristine NW. The only modification
is found in the line scan orthogonal to the trough/NW.
In case of a t bridging configuration, the dimer of the
QDR which is bound to the C atom is higher than the
dimer bound to the O atom, while the opposite is true
for the b bridging configuration.
In conclusion, if one would succeed in stripping
away the Ge NW without damaging the underlying
substrate, a high coverage of CO molecules in bridging
configuration could be recognized by this asymmetry in
the QDR images. The formation and adsorption energies
are highly favorable, making this also energetically an
interesting template for 1D molecular electronics.
V. CONCLUSIONS
In this paper we have studied the adsorption of CO
molecules on Pt induced NWs on Ge(001) using ab initio
DFT calculations. We show CO has a strong preference
for adsorption on the Pt atoms imbedded in the Ge(001)
surface. As a consequence CO molecules do not bind
directly on top of the Ge dimers forming the NWs, con-
trary to the experimental assumptions. By direct com-
parison of calculated STM images to experimental STM
images we have successfully identified the observed ad-
sorption sites. We have shown that the Pt atoms lining
the troughs in which the Ge NWs are imbedded provide
the necessary adsorption sites to explain all experimen-
tally observed CO adsorption sites.
CO molecules in ontop configurations next to the NW
tilt toward it, presenting STM images located on the NW.
CO molecules bound in between NW dimers, with the O
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atom also bound to a Ge NW dimer modify the electronic
structure of this Ge atom sufficiently to give the appear-
ance of a protrusion on this Ge dimer. This gives rise to
the short-bridge CO adsorption site observed by O¨ncel et
al. A CO molecule bound in an ontop configuration on
the extra Pt atom of the NW2-surface, showing a protru-
sion at negative bias and a depression at positive bias, is
found to show good agreement with the experimentally
observed long-bridge site, seen by Kockmann et al. The
short-bridge site observed by this group is identified as
a CO molecule in a bridge configuration in between NW
dimers.
A path for mobility along the wire is presented, show-
ing the CO molecule to move along the Pt atoms of the
underlying QDRs. The long-ranged interaction observed
by Kockmann et al. is explained trough the dislocation
of NW dimers, in the vicinity of the CO molecule.These
dislocated NW dimers in turn block the nearby CO-
adsorption sites.
We also predict the presence of invisible bridging CO
molecules, and present methods for observing them ex-
perimentally. Also the possibility of 1D molecular elec-
tronics is touched. After removal of the Ge NW dimers,
stable, invisible wires of parallel CO molecules, along the
Pt lined troughs, can be obtained. This configuration
has a large formation energy Ef = −3.74 eV and an
adsorption energy per CO molecule Ead = −2.21 eV at
maximum CO coverage.
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